








































































































































































































































































































































































































































































































































































































































































behind it. The cooling aloft however, combined with the strong late May sun, 
resulted in a very unstable atmosphere even behind this front. The 
destabilization of the atmosphere during the day is indicated by the successive 
development of cumulus, cumulus congestus, and finally cumulonimbus clouds at 
reporting stations across the region. A series of weak low pressure areas moved 
along the front south of Heppner during the day and provided an additional 
component of surface convergence, helping to focus the thunderstorm activity. 

Morgan, Utah- August 16, 1958 

The Morgan, Utah storm, although it occurred just outside the boundaries of 
the HMR-57 study area, is one of the most important storms in terms of setting 
the PMP for this region. It was also used in HMR 49 and HMR 55A as an 
extreme local storm and a detailed discussion of the meteorology can be found in 
HMR 50 (Hansen and Schwarz, 1981). 

Opal, Wyoming- August 16, 1990 

An extremely heavy local storm occurred near Opal, Wyoming, on the late 
afternoon of August 16, 1990. The storm produced approximately seven inches of 
rain in slightly less than two hours, over a very small area (Corrigan and 
Vogel, 1993). Although the storm took place outside the boundaries of the HMR 
57 region, its proximity and location west of the Continental Divide make it an 
important storm nonetheless. 

Opal, Wyoming, is located in southern Lincoln County in the southwest corner 
of the state. The coordinates are 41° 45'N, 110° 15'W, about 70 miles west of the 
Continental Divide. The terrain in the Opal area is generally high plateau of 
6800-7000 feet above sea level, rising gently to the west. Sixty miles to the south 
rise the Uinta Mountains of northern Utah, while a southern extension of the 
Teton Range known as Commissary Ridge is located 30 to 40 miles to the 
northwest. 

That this was truly an extreme "local" storm was evident from an examination 
of the 24-hour rainfall for stations within about a 60-90 mile radius of Opal. This 
showed that there was precipitation scattered throughout this area on the 16th, 
but of an extremely variable nature. Kemmerer, Wyoming, only 10 miles west of 
Opal, picked up only 0.10 inch on the same afternoon and Fontenelle Dam (20 
miles north) received only 0.17 inch. Some more significant amounts were 
reported at stations in Utah and Idaho, the largest being 1.89 inches at Pine View 
Dam, Utah (70 miles west southwest), and 0.80 inch at Topaz, Idaho (85 miles 
west northwest). Hourly rainfall at nearby stations from 1400 through 1900 LST, 
a period encompassing the entire duration of the Opal storm, also showed little 
rainfall. The nearest hourly station, Mountainview, Wyoming, about 35 miles 
south, measured 0.10 inch ending at 1700 LST, about the time the Opal storm 
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began. Evanston, Wyoming, 50 miles southwest had 0.20 inch over the two-hour 
period ending at 1500 LST. Big Piney, Wyoming, 60 miles north, had no rainfall 
during this period or for the day. 

The meteorological conditions approximately twelve hours prior to the storm 
were typical of a midsummer pattern over the U.S., although certain important 
ingredients for heavy rainfall were undoubtedly present. The 500-mb chart for 
August 16 at 1200 UTC contains some important features necessary to understand 
the development of this storm. There is a cold core low off the northwest coast, 
with its associated jet maxima of about 35 kts. reaching northeastward through 
Oregon and Washington. More importantly however, is the short-wave trough 
sagging southward through Utah. The negative tilt ridge to the east, combined 
with this trough, are pulling extremely moist air northward into Utah and 
southwestern Wyoming, west of the Continental Divide. This is clearly evident 
from the axis of low dew point depressions extending from Ely, Nevada, 
northeastward to Lander, Wyoming. Opal, Wyoming, is located directly beneath 
this axis. It is worth noting that three other important mid-western flash flood 
events took place under negative tilt ridges; 1972 Rapid City, South Dakota, 1976 
Big Thompson, Colorado, and 1985 Cheyenne, Wyoming (Chappel and Rogers, 
1988). 

The track of the 500-mb short-wave trough was clearly evident from the 
Nested Grid Model (NGM) height/vorticity analyses from August 16 and August 
17. These depict the slow progress and intensification of the short-wave trough as 
it moved from southwest Utah to a position near Salt Lake City (SLC) in 24 hours 
(August 17 0000 UTC). The absolute vorticity increased to 12 x 10·5 sec·1 over a 
small area of northeast Utah and southwest Wyoming very close to the time of the 
Opal storm. Qlearly, the upper-air dynamics were at a maximum in both time 
and space very close to OpaL The 700-mb analysis map approximately 12 hours 
prior to the storm (16 August 1200 UTC) showed a large pool of moisture; with 
6°C dew point air through western New Mexico extending northward to about 
Grand Junction, Colorado (GJT). The northern edge of this moisture was marked 
by the -2°C dew point at Lander, Wyoming (LND), just east of the Continental· 
Divide. Relative humidity at low and mid-levels (mean of surface to 450 mb) 
showed an increase from 50 percent to 70 percent during this time. 

The 500-mb analysis for August 17 0000 UTC shows an upper low centered 
along the Utah-Wyoming border, with the short-wave trough rotating through the 
area. A broad pool of moisture is evident from the low dew point depression air 
covering all of Utah, western Wyoming, and Colorado. The precipitable water 
(surface to 500mb) at SLC was 1.14 inches or 185 percent of normal and at GJT 
1.08 inches or 165 percent of normal. Average relative humidity (surface to 500 
mb) was also highest over northeast Utah and southwest Wyoming, with 
86 percent measured at SLC. A sharp transition to lower humidity occurred east 
of the Continental Divide, as shown by a rapid decline in relative humidity at 
LND, strong confirmation of the hypothesis that the air had Pacific moisture 
origins. 
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Mid-level moisture (700mb) was also high over most of Utah, and was moving 
slowly northeast with time. The 700-mb analysis for August 17 at 0000 UTC 
showed the highest dew point temperatures to be located over extreme southwest 
Wyoming, eastern Utah, and western Colorado. The thermal ridge was still 
centered across Wyoming, as shown by the l4°C reading at Lander, the warmest 
in the U.S. This is convincing evidence of the subtropical origins of the air in the 
region when the storm occurred. Miller (1967), in his treatise on severe storm 
forecasting, has stated that the 700-mb 10-14°C isotherm in summer is a favored 
area for significant thunderstorm outbreaks. The 700-mb wind field at this time 
was quite weak, with light (10 kts.) southerly winds at Grand Junction (GJT) and 
light and variable indicated at LND. This certainly lends support to the idea that 
most of the thunderstorms which developed on this day were of the single-cell 
variety. The importance of strong wind shear to the development of multicellular 
or supercell thunderstorms is well recognized; the winds in the Opal vicinity did 
not appear to be nearly vigorous enough for this type of storm development. 

At 850 mb on August 17 0000 UTC, a pocket of l4°C dew point air was cut off 
over extreme northeast Utah and southwestern Wyoming. This moisture appears 
to have been the low-level source for the storm at Opal and the numerous other 
scattered storms that were reported on the 16th, mostly in northern Utah. A 
thermal ridge across western Wyoming was evident by the 30°C 850-mb reading at 
LND, while SLC is at only l6°C. Miller (1967) also points out the importance of 
hot air intrusion at 850 mb for the development of severe summer thunderstorms. 
The large temperature difference between the two stations is a result of the mid­
level cloudiness over most of northern Utah, while southwest Wyoming was mostly 
under clear skies, adding to the potential for destabilization over Wyoming. 

The surface weather map for August 16 at 1200 UTC, the. morning of the 
storm, showed a typically disorganized summer pattern across the western U.S. 
The usual southwestern U.S. thermal trough extended north from Baja California, 
while a very weak surface low and associated trough was moving across southern 
Idaho, and western Utah. Weak high pressure was centered over western Oregon 
and the four corners area. Later in the day (2100 UTC, 1500 local) several surface 
developments were noted which may have contributed to the Opal deluge: 1) the 
eastward progression of the weak trough across Utah which assisted in scattered 
thunderstorm development in the state. This trough was likely an important 
ingredient in the surface convergence necessary for thunderstorm development at 
Opal as well; 2) the buildup of a large and impressively moist pool of air over 
northern Utah, southeast Idaho, and southwest Wyoming over the course of the 
day. The bulk of this moisture is concentrated over the Great Salt Lake Basin 
and the surrounding area and it seems reasonable to assume that some of the 
high dew point air in the Salt Lake vicinity reached extreme southwest Wyoming. 

The most likely ingress of high surface moisture from northern Utah into 
southwest Wyoming appears to be through the valley of a tributary of the Bear 
River northeast of SLC. Isodrosotherms (for 1000mb) drawn from hourly surface 
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observations showed at least 70°F (21 °C) dew points in southwest Wyoming. This 
compares with a three-hour maximum persisting dew point of 76.5°F for August, but 
is still at least l5°F above normal for the season, a substantial departure for the 
summertime. 

In addition to high moisture, another essential ingredient for strong 
thunderstorms is adequate vertical motion, which can occur in very unstable air 
masses. The K index (George, 1960), best used as an indicator of summertime air 
mass thunderstorms, without frontal or cyclonic activity, was calculated for the 
surrounding radiosonde stations. Its value at OOZ August 17 ranged from 43 at 
Grand Junction, Colorado, to 24 at BOI. The K index was used by Lee (1973) and 
Hambidge (1967) in analyses of thunderstorm probability in the western U.S. Values 
over 40 represent nearly a 100 percent probability of thunderstorm occurrence, while 
above 30 gives a 80-90 percent probability of thunderstorms. It is evident that the 
area was well primed for the development of thunderstorms on August 16. The 
Showalter Index, one of the most frequently applied stability indices, fell to -2 at 
LND and nearly -1 at SLC, values generally associated with a high probability of 
severe thunderstorms. Although no severe thunderstorm watches or warnings were 
in effect on the afternoon of the 16th, there was some evidence that severe weather 
did occur. The most compelling indication was the statement from the observer at 
SLC at 1505 LST (2205 UTC), noting a report of a tornado touchdown five miles west 
of SLC. The infrequency of tornado occurrences in this region (Doswell and Keller, 
1990) is an indicator of the exceptional conditions associated with this air mass. 

Synoptic Study of Pacific Northwest Extreme Local Storms 

In order to better understand the nature of local storms in the Pacific Northwest 
region, a study was undertaken to determine basic weather patterns associated with 
these extreme convective events. The sources for this study included the Daily 
Weather Map Series, hourly surface observations and supplemental meteorological 
data where it was readily available. These data included 3-, 6-, and 24-hourly 
surface maps, 500-mb height and vorticity maps, and 700-mb relative humidity and 
vertical velocity maps. 

A total of 106 (for which adequate data and maps were available) precipitation 
events were selected (Table A4.1 and Figure A4.1) for study, which had at least a 50-
year return period rainfall, based on data from NOAA Atlas 2 (Miller et al., 1973), 
and met the criteria set for local storms. A simple classification scheme was 
developed based on the surface and upper-air patterns which were in existence at the 
time the storm occurred. 

Three basic surface patterns were recognized; these were 1) low pressure or 
trough; 2) frontal; 3) high pressure or air mass. In the mid-troposphere, usually 500-
mb level, three basic upper-air patterns w,ere also identified, resulting in a total of 
nine categories when the two were combined. The upper air patterns trough axis; 2) 
east of ridge/west of trough axis; 3) zonal. 
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Table A4.1.--Extreme Local Storms in the Pacific Northwest and Adjacent Areas. 

LAT LONG ELEVATION 
LOCATION 0 ' 0 ' (Feet) DATE 

IDAHO 

1. ANDERSON DAM 1 SW 43 20 115 29 3870 08/21/65 
2. ARROWROCK DAM 43 36 115 55 3240 06/16/84 
3. BENTON DAM 48 21 116 50 2640 07/29/58 
4. BIG CREEK 45 06 115 20 5740 07/15/54 
5. BOISE LUCKY PEAK DAM 43 33 116 04 2830 08/09/68. ~ 

6. BURLEY FACTOR 42 33 113 48 4140 08/30/63 
7. CLARKIA RS 47 01 116 16 2810 07/07/58 
8. COEUR D'ALENE RS 47 46 116 49 2160 08/01/48 
9. COTTONWOOD 2 SW 46 02 116 23 3600 08/01/48 

10. COUNCIL 2 NNE 44 44 116 26 3150 07118n6 
11. GRASMERE 8 S 42 18 115 53 5200 06/08n7 
12. HENRY 42 54 11131 6350 o7121na 
13. IDAHO FALLS 6 NE 43 29 11140 4840 07/14/54 
14. IDAHO FALLS 16 SE 43 21 11147 5710 06/15/62 
15. IDAHO FALLS 43 NW WB 43 36 112 54 4780 06/13/58 
16. LEADORE 44 41 113.22 6100 0712In7 
17. LEADORE 44 41 113 22 6100 08/12/63 
18. MALAD 42 11 112 15 4420 07/29/69 
19. MCCALL 44 54 116 07 5030 07/27/84 
20. PALISADES DAM 43 21 11113 5390 08/25/61 
21. PIERCE 46 30 115 48 3190 08/15n2 
22. PRAIRIE 43 30 115 35 3190 08/06/63 
23. WALLACE WOODLAND PK 47 30 115 53 2950 08/12/64 
24. REYNOLDS CREEK 43 15 116 45 3700 o1121n5 
25. SIMON RANCH 43 15 115 45 5000 07/21/56 
26. MERIDIAN 43 37 115 25 2600 06/21/67 

RAINFALL (Inches) RAINFALL (Inches) 
Max. 1-Hour Max. 6-Hour 

1.27 1.69 
1.00 1.90 
0.90 0.97 
0.90 1.04 
1.50 1.90 
0.96 1.20 
1.35 2.22 
1.09 1.19 
1.50 2.10 
1.60 2.80 
1.10 1.80 
1.30 1.50 
1.13 1.13 
0.91 1.09 
1.15 1.20 
1.22 1.23 
1.14 1.19 
1.00 1.22 
1.80 1.90 
0.95 1.11 
1.15 1.30 
1.20 1.36 
1.12 1.28 
1.28 1.47 
2.50 2.50 
2.75 2.75 
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Table A4.1.--Extreme Local Storms in the Pacific Northwest and Adjacent Areas (Cont.). 

LAT LONG ELEVATION RAINFALL (Inches) 

LOCATION 0 ' 0 ' (Feet) DATE Max. 1-Hour 

OREGON 

27. AUSTIN 44 35 118 30 4210 08/21/86 1.00 

28. BEND 44 04 12119 3599 08/08/50 1.24 

29. BAKER 1 S 44 45 117 49 3490 06/19/69 1.03 

30. BLY RS 42 24 121 03 4360 07/12/56 1.46 

31. BLY RS 42 24 12103 4360 06/07n7 1.15 

32. BUNCOM 2 SE 42 09 122 59 1930 05/12/69 1.20 

33. BUNCOM 2 SE 42 09 122 59 1930 06/07/83 1.45 

34. BURNS WB CITY 43 35 118 57 4140 06/03/48 0.90 

35. BUTTE FALLS 1 SE 42 32 122 33 2500 101o1n6 1.10 

36. BUTTE FALLS 1 SE 42 32 122 33 2500 06/20/82 1.10 

37. COPPER 2 NE 42 04 123 06 1780 07/20/83 1.70 

38. COUGAR DAM 44 08 122 15 1260 o7t1on5 1.80 

39. EUGENE WB AP 44 07 123 13 360 08/21179 1.11 

40. FERN RIDGE DAM 44 07 123 18 380 06/28/84 1.50 

41. GLENDALE 2 NE 44 44 123 26 1500 07/19/83 1.30 

42. HILLS CREEK DAM 43 43 122 26 1280 05/31/64 0.92 

43. IMNAHA 45 34 116 50 1850 08/26/66 1.15 

44. IMNAHA 45 34 116 50 1850 07/27/84 1.00 

45. JORDAN VALLEY 42 59 117 04 4260 08/01/65 1.20 

46. JOSEPH RS 45 23 117 14 4020 07/12175 1.10 

47. LACOMB 1 WNW 44 38 122 44 610 ost16ns 1.10 

48. LEE'S CAMPS 45 36 123 31 600 07/14/83 1.10 

49. MARION FORKS FISH H 44 36 12157 2450 08/05/53 1.09 

50. MEDFORD WB AP 42 23 122 53 1310 05/18/56 1.40 

51. MEDFORD WB AP 42 23 122 53 1310 09/05/53 1.27 

52. OWYHEE DAM 43 38 117 13 2400 06/14/64 1.20 

53. SALEM WB AP 44 55 123 01 200 06/10/50 1.24 

54. SEXTON SUMMIT WB 42 37 123 22 3848 06/28178 1.87 

55. TILLER RS 42 56 122 57 1040 o6t2sns 1.30 

56. TRAIL 15 NE 42 46 122 37 2100 08/02/58 1.89 

57. UKIAH 45 08 118 56 3340 o7to9n5 1.90 

58. UNION 45 13 117 53 2770 06/16/63 1.02 

59. UPPER STEAMBOAT CK 43 29 122 36 1860 06/18/82 1.10 

RAINFALL (Inches) 
Max. 6-Hour 

1.70 
1.58 
1.16 
1.90 
1.36 
2.10 
2.66 
1.70 
1.50 
1.20 
1.80 
2.30 
1.82 
1.60 
1.60 
1.34 
1.32 
1.30 
1.20 
1.20 
1.50 
1.10 
1.30 
1.67 
1.32 
1.39 
1.56 
2.14 
2.50 
1.90 
2.10 
1.12 
1.20 
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Table A4.1.--Extreme Local Storms in the Pacific Northwest and Adjacent Areas (Cont.). 

LAT LONG ELEVATION RAINFALL (Inches) 

LOCATION 0 ' 0 ' (Feet) DATE Max. 1-Hour 

60. GIRDS CREEK 44 40 120 10 4000 07/13/56 4.00 

61. HEPPNER 45 20 119 33 3000 07/13/56 3.00 

62. BIRCH CREEK 45 20 118 55 3000 06/22/38 2.50 

63. JOHNDAY 44 25 118 53 3200 06/09/69 5.00 

WASHINGTON 

64. CINEBAR 2 E 46 36 122 30 1000 06/09/53 1.20 

65. CAMP GRISDALE 47 22 123 36 820 06/25/68 1.20 

66. CHIEF JOSEPH DAM 48 00 119 39 820 07/25/87 0.90 

67. DAYTON 2 SE 46 18 118 00 1750 07/07n8 1.20 

68. DIABLO DAM 48 43 121 09 890 09/04/86 1.00 

69. EASTON 47 15 12111 2170 08/26/83 1.80 

70. MAZAMA 48 37 120 27 2180 07/16/85 0.90 

71. METHOW 48 08 120 00 1160 08/10/48 1.08 

72. NACHES 10 NW 46 52 120 46 2380 07/07/82 1.20 

73. OROVILLE 1 S 48 56 119 26 920 06/11/64 1.27 

74. PULLMAN 2 NW 46 46 117 12 2545 06/16/63 1.35 

75. RANDLE 1 E 46 32 12156 950 08/28/57 1.20 

76. REPUBLIC RS 48 39 118 44 2630 08/09/62 1.21 

77. REPUBLIC RS 48 39 118 44 2630 07/05/58 1.00 

78. SILVERTON 48 04 121 34 1480 08/05n7 1.10 

79. WALLA WALLA WB CITY 46 02 118 20 950 o5!26n1 0.98 

80. WILSON CREEK 47 25 119 07 1280 06/18/50 1.47 

81. ABERDEEN 20 NNE 47 16 123 42 440 05/28/82 2.40 

82. SKYKOMISH 47 42 12122 1030 05/25/45 1.78 

83. WENATCHEE EXP STN 47 26 120 21 806 08/10/52 1.25 

84. CASTLE ROCK 46 16 122 55 43 08/23/63 1.06 

85. KNAPP COULEE 47 49 120 08 1500 08/15/58 1.50 

86. WINTHROP 1 WSW 48 20 120 11 1755 07/29/58 3.00 

CALIFORNIA 

87. ALTURAS 4130 120 33 4460 06/06/52 1.13 

88. ETNA 4128 122 54 2910 06/07n7 1.40 

RAINFALL (Inches) 
Max. 6-Hour 

4.00 
3.00 
2.50 
7.00 

1.99 
1.30 
1.00 
1.20 
1.20 
1.80 
1.10 
1.08 
1.20 
1.27 
1.47 
1.47 
1.29 
1.10 
1.34 
1.84 
1.53 
2.50 
1.78 
1.29 
1.12 
1.50 
3.00 

1.20 
1.80 



C/.:1 
1.\:) 
....... 

------

Table A4.1.--Extreme Local Storms in the Pacific Northwest and Adjacent Areas (Cont.). 

LAT LONG ELEVATION RAINFALL (Inches) 
LOCATION 0 ' 0 ' (Feet) DATE Max. 1-Hour 

UTAH 

89. FARMINGTON WHSE STA 40 58 11153 4330 06/01/63 1.75 
90. LOGAN USAC 4145 11148 4780 08/11183 1.10 
91. OGDEN PIONEER PH 4115 11157 4350 os11sn9 1.30 
92. OGDEN SUGAR FACTORY 4114 112 02 4280 09/08/67 1.20 
93. OGDEN WBO 4112 11158 4440 06/18/49 1.04 
94. MORGAN 4103 11138 5150 08/16/58 6.75 
95. NORTH OGDEN 4120 11155 4800 09/07/91 1.75 

NEVADA 

96. CONTACT 4147 114 45 5370 06/13/83 1.00 
97. ELKO 40 50 115 47 5080 08/27n0 3.47 

MONTANA 

98. AUGUSTA 47 29 112 23 4070 07/05/51 1.80 
99. CAMERON 45 12 11141 5500 07/01165 1.55 

100. CUT BANK CAA AP 48 23 112 22 3840 07/11156 1.30 
101. DUTTON 6 ESE 47 51 11135 3590 07/02/66 2.15 
102. KALISPELL WB AP 48 18 114 16 2970 06/29/82 2.57 
103. LIVINGSTON FAA AP 45 42 110 27 4690 08/24179 2.63 
104. STEVENSVILLE 46 31 114 06 3370 07/31183 1.70 
105. WISDOM 45 37 113 27 6060 06/17/50 1.20 

WYOMING 

106. OPAL 4145 110 15 6900 08/16/90 5.75 

RAINFALL (Inches) 
Max. 6-Hour 

2.24 
1.30 
1.40 
1.20 
1.26 
6.75 
5.50 

1.20 
4.13 

1.83 
2.26 
1.37 
2.89 
2.68 I 

3.19 ' 

1.90 
1.36 

7.00 
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Figure A4.1.--Location of extreme local storms. 



Table A4.2 shows the frequency of occurrence of the nine categories selected 
and Table A4.3 shows the mean values for selected meteorological variables within 
each group. For comparison, Table A4.4 shows mean height and temperature at 
500 mb for three selected stations in the region. 

Table A4.2.--Frequency of synoptic categories 

Synoptic Pattern: 1. W of Ridge/ 2. E of Ridge/ 
SFC/UA E ofTrough W ofTrough 3. Zonal Total 

1. Low; trough 45 2 4 51 

2. Frontal 19 3 5 27 

3. Air Mass; 
High 19 3 3 25 

Total 83 8 12 103 

Source: Extreme local storm database 

Table A4.3.--Synoptic types - mean values. 

500- Max. 
Type/ 1-hour mb 500-mb 500-mb wind sf c. 24-hour per. Maximum 
Means Prec. ht. temp. speed & dir. temp dew point dew point 

(#) (in.) (feet) (C) (kts. and deg.) (F) (F) (F) 

11 1.67 18835 -14.1 23.7 84.3 55.6 60.1 
(45) 215 

12 1.05 19000 -13.0 13.5 94.0 58.0 62.5 
(2) 230 

13 1.27 18950 -13.7 22.0 88.3 57.0 60.8 
(4) 275 

21 1.23 19000 -12.0 21.4 84.2 56.6 62.0 
(19) 228 

22 1.17 18767 -14.3 18.3 84.7 51.7 65.0 
(3) 280 

23 1.39 18940 -12.0 23.0 78.8 51.0 57.8 
(5) 268 

31 1.75 19213 -9.7 21.5 87.6 57.9 62.6 
(19) 234 

32 1.76 18450 -21.0 26.0 66.0 47.7 51.7 
(3) 330 

33 1.85 18833 -14.7 19.3 76.3 54.7 56.0 
(3) 277 
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Table A4.4.--Average monthly values of 500-mb. temperature (°C) and 
geopotential heights (feet) for three regional stations. 

Station May June July August September October 

Boise, ID -18.31 -14.10 -10.45 -11.25 -12.81 -15.43 
18580 18841 19150 19101 18950 18783 

Medford, OR -18.46 -13.99 -10.33 -11.20 -11.66 -14.45 
18572 18829 19110 19065 18986 18799 

Spokane, WA -21.06 -17.54 -15.15 -14.41 -14.52 -18.54 
18346 18563 18829 18802 18750 18458 

Source: Crutcher, H. L. and J. M. Meserve, "Selected Level Heights, Temperatures and Dew 
Points for the Northern Hemisphere" Naval Weather Service Command, Washington, D.C., 
1970 

Persisting Dew Point Data 

In order to develop maps of persisting 3-hour dew points, data for the period 
from 1948-1974 were extracted from hourly data tapes for 27 stations in or near 
the study region (Figure A4.2). From this data base, periods of elevated dew 
points were selected for analysis. 

These high dew point episodes were examined meteorologically to insure that 
only those that occurred under conditions favorable for the development of local 
storms were included. High dew points resulting from highly stable, inversion 
conditions, or when rain was occurring at the point of observation were not 
considered for further analysis for several reasons. First, an air mass that is too 
stable is very unlikely to be associated with the strong upward vertical velocity 
needed to produce heavy rain. Second, extremely high moisture in an inversion 
situation may become trapped in the lowest layers of the atmosphere, leading to 
an overestimate of the vertical moisture distribution and inaccurate in-place 
adjustments. Third, hourly precipitation data were checked for the occurrence of 
scattered short-duration afternoon and evening rainfalls, typically the result of 
local storm rainfalls. Rain at the time of the observation could give an 
unrealistically high value for that station. Hourly observations for individual 
weather stations were also examined to check for potential observational error in 
the dew point measurements and to obtain more detailed information about the 
synoptic situation. 
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Subregional Classification 

A subregional classification scheme was developed to help overcome the 
relative paucity of high dew point episodes on days also favorable for local storms. 
This enhanced the utility of the dew point analysis by grouping the available data 
within similar climatic zones. Figure A4.3 shows the subregional boundaries, 
which are based on: 

1) climatological variations (discussed below), 
2) significant topographical barriers 

In order to develop and compare the climatic characteristics of the individual 
subregions, the ranges of important climatic variables were tabulated and can be 
found in Table A4.5. This table includes the annual range of daily temperature 
maxima, the mean annual daily temperature range, the annual range of 12-hour 
maximum persisting general storm dew point, the mean annual number of 
thunderstorm days, the average percentage of the annual thunderstorms occurring 
from May through September, and the average annual precipitation. Data for 
Table A4.5 was obtained from Local Climatological Data for individual stations 
(National Climatic Data Center, 1984), the Climatic Atlas of the U.S. (U.S. DOC, 
1968) and from the climatological studies of Trewartha and Horn (1980), Haurwitz 
and Austin (1944), Easterling and Robinson (1985), Changnon, (1988, a and b) and 
Gabriel and Changnon (1989). 

A discussion of the subregional climatic characteristics, including the data list 
in Table A4.5, follows: 

Subregion 1, which is restricted to the lowland coastal strip inland to the crest 
of the coast ranges, has a moist, maritime climate with 40-240 inches of mean 
annual precipitation (MAP), dominated by unmodified Pacific Ocean air masses 
which move generally unobstructed across the subregion. The thermal influence 
of the Pacific air is illustrated by the narrow temperature range (about 15°F daily 
[L\Tdly] and 20-25°F for annual highs [L\rnax:T]), and the low annual variation of 
12-hour maximum persisting dew point [L\rnTd] (less than 10°F). 

As noted by Trewartha and Horn (1980), summertime in this area is 
dominated by the eastern limb of the Pacific anticyclone with its attendant 
subsidence and the very low (3-10) average number of thunderstorm days per year 
[TSTM]. Much of the activity that does occur is associated with cold season 
general storms, as only 25 percent of the annual thundershowers occur from May 
through September [%TMS = 25]. At Astoria, Oregon, for example, of the 9 
thunderstorm days per year, only two occur in July and August (one each month). 
Only two of the 106 heavy precipitation events in the extreme storm database 
occurred in subregion 1. 
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Subregion 2 encompasses the area from the coast range crests inland across 
the Willamette Valley and Puget Sound to the Cascade crestline. This region also 
has a moist climate (35-180 MAP) which is dominated by air of Pacific origin. 
Modification of these air masses does take place however, as precipitation is 
wrung out on the windward side of the coast mountains. This explains the very 
wide range in MAP, with a pronounced "rain shadow" effect to the east. 
Conversely, orographic precipitation is enhanced along the windward slopes of the 
higher Cascade Range. The stabilizing effect of the Pacific is sufficient to keep 
thunderstorm occurrences [TSTM] at less than 10 per year, but there is a marked 
shift in their seasonal frequency, with 70 percent occurring during the warm 
season. The maritime influence is still reflected by the low annual variation of 
maximum persisting dew point [&n.TD] but the change in annual temperature 
maxima [&naxT] are considerably greater than in subregion 1, at 30-40°F. 

Table A4.5.--Subregional climatic characteristics. 

Sub- MAP 
Region &naxT(0

) ilTdly(0
) &n.Td(0

) TSTM %TMS (in.) 

1 20-25 14-16 8-9 3-10 25 40-240 

2 30-40 10-22 5-8 5-8 70 35-180 

3 40 15-27 5-10 5-10 85 15-50 

4 50 18-27 10-15 10-15 85 10-20 

5 55 23-35 20-35 20-35 95 10-50 

&naxT 
Difference between average January and July daily high temperatures 

ilTdly 
Difference between mean annual daily high and low temperatures 

&n.Td 
Difference between annual highest and lowest values of 12-hour maximum 
persisting general storm dew point 

TSTM 
Mean annual thunderstorm days 

%TMS 
Average percentage of annual thunderstorms occurring from May through 
September 
MAP Mean annual precipitation 
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Subregion 3, comprises a relatively small area stretching from the southern 
edge of the Willamette Valley into the higher coastal ranges of Oregon and 
northern California. The chief differences between this area and subregion 2 are 
the rougher topography and the influence of lower latitude on the development of 
heavy storms ... The climate is similar to subregion 2, but there is less rainfall in 
most areas (MAP of 15'"50 inches) and a slightly greater temperature range. The 
most important distinction however, seems to be the greater importance of 
summer thunderstorm activity (85 percent versus 70 percent). The reasons for 
this increase in convective storm frequency are most likely related to the rugged 
terrain which serves to enhance differential sol~.r heating, increases low level 
convergence and imparts additional upward motion on air parcels. The stabilizing 
influence of the Pacific Ocean is also significantly reduced in this rough terrain. 

Subregion 4 extends from the Cascade Range crests eastward across the broad 
interior of W ashiilgton, Oregon, and southeast Idaho, into the foothills of the 
Rockies. This expansive area has a dry to nearly arid climate of low annual 
rainfall (10-20 inches) and extremes in temperature [&naxT], typically about 50°F. 
Despite the low annual rainfall amounts, thunderstorm activity [TSTM] is more 
frequent than in subregions 1, 2, and 3, at about 10-15 thunderstorms per year for 
any particular station. Eighty-five percent of these occur from May through 
September [%TMS]. It is notable that 10 of the 15 extreme local storms listed in 
Table A4.1 occurred in this subregion. This region is effectively shielded from the 
Pacific by the coastal and Cascade barriers, reducing moisture inflow from the 
west. The southern portion of this area is periodically affected by Gulf of 
California or possibly Gulf of Mexico moisture when there is a northward 
extension of the southwest monsoon pattern. 

Subregion 5 covers the area from the foothills of the Rockies to the 
Continental Divide where the study area terminates. This is also an interior 
climate, but most of the area is mountainous, so there is a great deal of variability 
within the subregion itself. The annual temperature range [&naxT] is even 
greater than that of subregion 4, averaging about 55°F. There is also significant 
moisture variability, with a &nTd range of 20-35°F across this area. 

The southern portions of this region may also be affected by the southwest 
monsoon pattern. Summer thunderstorm activity is at a maximum for the entire 
northwest in this subregion, with 20-35 thunderstorms per year [TSTM], 
95 percent of them occurring in the warm season [%TMS]. Similar to subregion 3, 
it appears that terrain has a marked impact on the development of local storm 
activity in this area. An examination of the extreme storm database showed that 
three thunderstorms with hourly precipitation exceeding 2 inches occurred in this 
subregion, out of a total of 10 for the entire study area. 
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Analysis 

The initial step in preparation of persisting 3-hour dew point maps, was to 
group extreme dew point cases within their respective subregions. Initial dew­
point patterns were then drafted within each subregion, relying on 12-hour 
persisting dew-point patterns from previous studies for general guidance. The 
monthly maps were subsequently analyzed for the study region as a whole, 
smoothing subregional transition areas and shaping the overall patterns to 
account for the major moisture sources, significant topographic barriers, and 
seasonal air temperature and pressure patterns. 

Seasonal and regional consistency checks were performed to eliminate any 
anomalous or spurious data and to ensure that a relatively smooth dew-point 
pattern emerged. The difference field between the 3-hour maximum persisting 
local storm dew points and the 12-hour maximum persisting general storm dew 
points was also prepared. The 3-hour local storm dew points were found to exceed 
the 12-hour general storm dew points by 2-7°F, which is consistent with McKay's 
(1963) analysis as described earlier. 

In-Place Maximization 

The in-place adjustment for maximum moisture for local convective storms is 
the ratio of the precipitable water for the maximum persisting 3-hour (reduced to 
1000 mb) dew point at a particular location to that for the representative 
persisting 3-hour (1000 mb) dew point for the individual storm site. The local 
storm moisture adjustment procedure differs from the general storm procedure 
because of the often highly localized character of local storms and the relatively 
disorganized nature of their moisture inflow. The primary procedural difference is 
that representative dew points for local storms are taken as near as possible to 
the storm in any direction from the storm location, because it is assumed that 
local storms can occur independently of any sustained moisture inflow (Hansen et 
al., 1988). This is different from the procedure for general storms in which a dis­
tinct inflow direction is specified. The maximum persisting dew point is read at 
the storm location for the time of year in which it occurred. 

Secondly, the in-place adjustment for any local storm is restricted to a 
maximum of 1.50, the same upper limit adopted by Hansen et al. (1988). This is 
because the synoptic and mesoscale conditions of major local storms do not appear 
to be capable of accommodating more moisture than this. In addition, the network 
of stations providing dew-point observations may be too sparse to fully represent 
the moisture field in the vicinity of such highly localized storms. It is possible 
under such conditions that more moisture could be present at the storm site than 
at the location of the storm dew-point measurement. This would result in an 
underestimated actual storm dew point and an unrealistically high moisture 
maximization. 
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Adjustment for Elevation 

Background 

Both HMR 43 and HMR 49 studies used 5,000 feet as a maximum elevation, 
above which a steady, systematic decrease was assumed for local storm PMP. For 
the region between the Continental Divide and 103°W, no variation was expected 
within 1000 feet of 5000 feet, with a decrease above that level based on a 
percentage of the decrease in precipitable water with altitude (Hansen et al., 
1988). In the study for the southwest, 6-hour recorder rainfall maxima versus 
elevation for stations in Nevada, Utah, and Arizona showed a decrease in the 
among-station maximum precipitation above 4000 to 5,000 feet, although a 
possible reason for the decrease was a smaller data sample at the higher 
elevations. 

Due to the decrease in atmospheric moisture and temperature with height, a 
reduction in the local storm precipitation with elevation can be expected at some 
point. How this decrease in moisture might be offset by increased local storm 
efficiency due to high terrain is not clear. Factors contributing to intensified 
convection at higher elevations include increased vertical velocities, strong 
differential heating of slopes, and enhanced convergence. 

One study examining the influence of elevation on the intensity of rainfall in 
the Pacific Northwest was that of Cooper (1967). Using data from 93 rain gages 
in the Reynolds Creek watershed in southwest Idaho, he determined that there 
was no discernible relationship between elevation and peak intensity or total 
amount of rainfall at elevations from 3600 to 7200 feet. 

Several researchers have noted the tendency for there to be enhanced 
convection over mountainous terrain. Abbs and Pielke (1986) found that areas of 
upslope flow and increased convergence of moist, unstable air become preferred 
regions for convective d9velopment. Such areas tended to maximize in the high 
terrain near the Continental Divide in Colorado. Toth and Johnson (1985) found 
that elevated locations were zones of convergence maxima in Colorado and 
correlate well with areas favored for deep convective development. An earlier 
study by Henz (1974) also documented the tendency for preferred thunderstorm 
formation zones to exist over elevated areas in the Colorado Front Range. 

Heavy thunderstorm rainfall (intensities of 2 inches per hour or greater) at 
7500 feet or higher in the Colorado Front Range from 1965-1988 were studied by 
Henz and Kelly (1989). Using information from the NOAA publication Storm 
Data, they found 24 cases of thunderstorm rainfall of 2 inches or greater from 
April to September during the period from 1979 through 1988. All were short 
duration events, usually less than two hours and 83 percent occurred at least 
partially above 8000 feet. Among the factors cited as contributing to heavy rains 
at high altitude was a tendency for the storms to remain stationary or move very 
slowly over their formation zones. 
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Recent studies by Jarrett (1990) and Jarrett and Costa (1989) have utilized 
paleohydrologic techniques to estimate the frequency of high elevation flood­
producing storms in Colorado. These works tend to discount the existence of very 
heavy rainfall above 8000 feet, while contending that such storms are not 
infrequent below 7500 feet, implying a very rapid decrease above a certain critical 
elevation threshold. Clearly, further study will be needed to verify the validity of 
these findings. 

Analysis 

In an effort to understand how thunderstorm rainfall diminishes with 
elevation in the Pacific Northwest, an investigation was conducted using the data 
base of heavy local storms in Table A4.1. There was no clear evidence of an 
elevation-dependent change in local storm precipitation to about 5,000-6,000 feet. 
While the maximum observed local storm precipitation does decrease somewhat 
above 5,000 feet, such a decrease could also be explained by a relative lack of 
station coverage. For example: in 1975, (the chronological mid-point of available 
recorder data), out of 256 recorder stations with at least 10 years of data in the 
study region, only 25 were at an elevation of 5,000 feet or greater, and merely 4 
were at an elevation of 6,000 feet or greater. Furthermore, there are relatively 
little bucket survey data above 5,000 feet because of low population density. 

A statistical regression analysis using the local storms found in Table A4.1 
showed no significant variation throughout an elevation range of 43 to 6,350 feet 
above sea level. A plot of these data is shown in Figure A4.4. This supports a 
possibility of maximum local storm precipitation to at least 6,000 feet, but it is im­
portant to note that only 4 of the 105 thunderstorms in the data set occurred at or 
above 6,000 feet. While this indicates that the data set at high elevations is too 
sparse to provide very reliable statistical information, it is also true that the per­
centage of 50-year return-period storms at or above 6000 feet (4/105 = 3.8 percent) 
is greater than the percentage of 1965-75 recorder stations at or above 6,000 feet 
( 4/256 = 1.6 percent) by a factor of 2.4. This tends to support a greater likelihood 
of heavy local storms above 6,000 feet than at lower elevations. 

It is also important to note that the storm which produced the greatest hourly 
precipitation in or near the study area {Morgan, Utah, August 16, 1958: 
6.75 inches in 1 hour) occurred at an elevation of 5,150 feet, which also provides 
justification for taking maximum local storm precipitation potential to elevations 
exceeding 5,000 feet. In addition, the extreme local storm at Opal, Wyoming, on 
August 16, 1990 (7.0 inches in 2 hours), occurred at an elevation of about 6,900 
feet. The forgoing analysis suggests that 6,000 feet may be a more accurate 
approximation of the elevation above which local storm precipitation will begin to 
decrease, at least in this region of the country. This conclusion, based on a much 
expanded data base from within and around the study region, reflects the lack of 
clear evidence of any elevation-dependent decrease of maximum local storm 
precipitation potential in the 5,000-6,000 foot range. 
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For elevations above 6,000 feet, a decrease in local storm PMP of 9 percent per 
thousand feet above 6,000 feet was utilized, approximating a pseudo-adiabatic 
decrease in the moisture available for convective activity. Figure 15.37 (Chapter 
15) compares the moisture variation based on this approximation to the change of 
column moisture, with elevation in a saturated pseudo-adiabatic atmosphere for 
1000-mb dew points of 60, 70 and 80 degrees (F). The adopted elevation 
adjustment was also based on the assumption that the surface dew point would be 
representative of total column moisture and that the effectiveness of local storm 
mechanisms would not change appreciably with height above 6,000 feet. This 
procedure for elevation adjustment of local storm PMP above 6000 feet is con­
sistent with the procedure adopted in the PMP study of the region between the 
Continental Divide and 103°W (Hansen et. al., 1988), in which an explicit 
saturated pseudo-adiabatic moisture adjustment was adopted above 5,000 feet. 

Indirect empirical support for the validity of this approach may be found in 
the study by Henz and Kelly (1989). He reported rainfall amounts as great as 
1.9 inches in 10-15 minutes at 8,500 feet and 2.25 inches in 25 minutes at 
9,000 feet. These amounts were less than PMP would be at their respective areas 
of occurrence, using the elevation adjustment procedure just described in Hansen 
et. al. (1988), about 5.5 and 6 inches, respectively. With no other data supporting 
the idea of even heavier rains at very high elevations, it was assumed that this 
adjustment would yield an adequate reduced estimate of PMP in higher terrain. 
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HORIZONTAL TRANSPOSITION 

Background 

As in the general storm analysis, transposition is defined as the process of 
transferring observed precipitation rainfalls from their location of occurrence to 
another location where a storm with essentially the same rainfall mechanism is 
thought to be possible. In transposition, the rainfall is adjusted to account for the 
difference in moisture availability, based on the persisting dew point maps, 
between the original storm site and the transposed location. 

Analysis 

The transposition procedure for Pacific Northwest local storms is the same as 
that for general storms, with the following exceptions: 

1) the elevation adjustment follows the procedure outlined in this Appendix (no 
adjustment below 6,000 feet), and 

2) no adjustment for barrier elevation is made for local storms because local 
storms often result from highly localized accumulations of moisture rather 
than large-scale inflow. 

3) the climatic subregions were adopted as general guidelines for transposition, 
but not as strict boundaries. 

The key concept here was that the climatic zones limits should not constitute 
rigid barriers in the atmosphere, but would represent transitional regimes. For 
instance, it was not considered acceptable that a storm in zone 4 could be 
transposed into zone 1, whereas transposition from zone 4 storm into portions of 
zone 2 was allowed, using terrain for additional guidance. 

As in the general storm procedure, no elevation adjustment is made for the 
first 1,000-feet or lower elevation increase when a storm is transposed to a higher 
elevation. This procedure for local storm transposition is consistent with the most 
recent major PMP study covering the adjacent area from the Continental Divide to 
103° W area (Hansen et. al., 1988). 
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APPENDIX5 

This appendix provides some background information and an example of the 
procedure for using the snowmelt and wind criteria for a basin. The background 
and procedure is extracted directly from Chapter VIII of HMR 43, with the 
exception that the figure numbers have been changed to refer to those in Chapter 
15 of this report (Computational Procedure). 

Introduction 

Evaluation of runoff involves the contribution of snowmelt. Snowmelt 
computations require generalized temperature and wind sequences during the 
3-day PMP storm and for 3 days prior. 

Temperatures and Dew Points During the PMP Storm 

Temperatures during the PMP storm are equal to maximum dew points, using 
the simplifying assumption of a saturated adiabatic atmosphere. Maximum storm 
dew points were determined in Chapter 4. 

Temperature and Dew Points Prior to PMP Storm 

For combined rain and snowmelt flood determinations, a sequence of high 
temperatures for several days prior to rain storms is generally the most critical 
situation. With this in mind, highest temperatures observed prior to major storms 
in the Northwest were determined. An envelope of the difference between these 
prior temperatures and the temperatures during the storms was then assumed 
applicable to PMP temperatures at the beginning of the PMP storm. 

Sources of- storms surveyed included preliminary Corps of Engineers storm 
data, the controlling storms listed in the Cooperative Studies Snake River Report 
Number 11 (U.S.W.B., 1953) and Weather Bureau Technical Paper Number 38 
(U.S.W.B., 1960), as well as storms giving record 24-hour rainfall amounts. Daily 
mean temperatures and precipitation amounts were obtained from a mountain 
station near the 24-hour heavy rain center and from a nearby upwind first-order 
valley station. For a particular season and region, the critical temperature 
differences were approximately the same at the two stations. 

Temperature differences for establishing the critical upper envelope plotted by 
dates of occurrence showed significant seasonal trends. These trends and the 
range of temperature differences depended on whether the storm was east or west 
of the Cascade Divide. Durational curves of the temperature differences 
throughout three days were therefore drawn for each region. These curves are 
shown in Figure 15.13. As this Figure shows, cool-season antecedent 
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temperatures are at least as low as those observed during the storm. In late 
spring and early autumn, antecedent temperatures are higher than during the 
storm. 

Example of Snowmelt Winds and Temperatures for a Basin 

As an example, snowmelt data for mid-May for the Blackfoot River drainage above 
Blackfoot Reservoir, Idaho, will be determined. 

Basin average elevation: 7000 feet 

Lettered and numbered steps in this example are identical to those in the outlined 
procedure discussed in Chapter 15 (pages 206-208). 

A. Temperature and Dew points During. PMP Storm 

(1) Average 12-hour mid-May maximum dew point over basin (Figure 15-22): 63.0 °F. 

(2) Precipitable water (WP) for 63.0 oF (Figure 15.30): 1.59 inches. 

(3) Ratios of WP each 6-hour period 
to maximum 12-hour WP (Figure 

6-hour period 

1st 2nd 3rd 4th 5th 6th 7th 8th 9th lOth 11th 12th 

15.31) 1.04 1.00 0.97 0.95 0.92 0.90 0.89 0.87 0.85 0.84 0.82 0.81 

(4) = (2) X (3) WP (ins.) 1.65 1.59 1.54 1.51 1.46 1.43 1.42 1.38 1.35 1.34 1.30 1.29 

(5) Mid-May 1000-mb. temperatures 
(°F) each period (Figure 15.30): 63.6 63.0 62.4 61.9 61.4 61.0 60.6 60.2 59.8 59.4 59.0 58.7 

(6) Mid-May temperatures (°F) 
reduced to 7000 feet (Figure 15.32): 45.4 44.7 44.0 43.2 42.5 41.9 41.3 40.8 40.3 39.9 39.4 39.0 

(7) Rearrangement of temperatures to 
conform to sequence of PMP in­
crements (sequence (a) of Figure 
15.12 used in this example): °F 40.3 41.3 42.5 44.0 45.4 44.7 43.2 41.9 40.8 39.8 39.4 39.0 

B. Temperatures Prior to PMP Storm 

(1) Temperature for first 6-hour period of PMP storm from A(7): 40°F 
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Hours Prior to Storm 

6 12 18 24 30 36 42 48 
(2) Mid-May differences between 

temperatures at indicated 
times prior to first 6-hour 
period of storm (Figure 15.13): 4 7 11 15 15 15 15 15 

(3) Sum of (1) and (2) °F 44 47 51 55 55 55 55 55 

C. Dew Points Prior to PMP Storm 
Hours Prior to Storm 

6 12 18 24 30 36 42 48 
(1) Difference between dew point at 

beginning of storm and at 
indicated times prior to storm 
(Figure 15.13) oF 0 1 1 1 2 2 2 3 

(2) = B(l) - C(l) oF 44 47 51 55 55 55 55 55 

D. Winds During PMP Storm 

(1) Basin average elevation: 7000 feet. Basin average pressure (Figure 15.33): 775mb. 

(2-b) 6-hour January anemometer-level winds at 775 mb. (Figure 15.17): 45 kts. 

(3) May 6-hour percentage of January wind (Figure 15.15): 69% 

(4) Wind of D(2-b) x percent of D(3) = 31 kts. 

6-hour period 

1st 2nd 3rd 4th 5th 6th 7th 

(5) Duration factor for each 6-hour 
period (Figure 15.16 and p. 102) 1.00 .93 .87 .83 .77 .73 .69 

(6) Anemometer winds in descending 
order D(4) x D(5) kts. 31 29 27 26 24 23 21 

(7) Windspeeds rearranged after PMP 
sequence (a) of Figure 15.12. Kts. 20 21 24 27 31 29 26 

E. Winds Prior to PMP Storm 

Lowest windspeed during mid-May PMP storm period over Blackfoot Basin is 18 
kts. from D (6). This value continues for 72 hours prior to beginning of 
storm. 
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